Thermoelectrics is one of the promising energy harvesting technologies for waste heat management and recovery, having potential applications in thermoelectric generation or temperature sensing. Thermoelectric generation usually relies on the Seebeck effect, a phenomenon that refers to the generation of an electromotive force parallel to the direction of an applied temperature gradient in electrically conducting materials [see Fig. 1(a) ].
In spintronics, 1,2 a different thermoelectric principle was recently discovered. The principle is based on a spin counterpart of the Seebeck effect, in analogy named the spin Seebeck effect (SSE). 3 The SSE refers to the generation of spin currents 4 in a ferromagnetic material (F) upon application of a temperature gradient. The spin current induced by the SSE is injected into a non-magnetic metal (N) in contact with F and converted into an electromotive force by means of the inverse spin Hall effect (ISHE) in suitable N materials [5] [6] [7] [8] [ Fig. 1(b) ]. The SSE has been observed in a range of ferromagnetic materials: metals, 3 semiconductors 9,10 and insulators. 11-13 Thus, the SSE has been experimentally established as a general transport phenomenon in ferromagnets. Since the discovery of the SSE, the study of the interaction among spin, charge, and heat currents has been strongly invigorated, which is the main focus of spin caloritronics. 14, 15 This has resulted in the discovery of various thermospin effects, such as the spin Peltier effect 16 and the spin dependent versions of the ordinary Seebeck
17
and Peltier 18 effects among others.
19-21
Theoretically, the SSE 22-24 is understood as an effect resulting from the thermal nonequilibrium between magnons in F and conduction electrons in N, generating a spin current at the F/N interface proportional to the effective temperature difference between magnons in F and electrons in N. Theories from other view points have also been developed, [25] [26] [27] where roles of magnon spin currents inside the ferromagnet has been highlighted. 26, 27 This is supported by several recent experiments: the dependence of SSE voltage with the thickness of F, 28 the enhancement of the SSE voltage in magnetic multilayers, 29 and the suppression of the SSE at high magnetic fields.
30,31
The SSE has potential advantages over conventional thermoelectric technologies for thermal energy harvesting. The experimental geometry, having paths for heat and electric currents independent and perpendicular to each other, allows to have two different materials that can be optimised independently and it is also advantageous for the implementation of thin film devices over large surfaces, for example, simply by thin film coating. [40] [41] [42] [43] [44] Platinum is a material commonly used for spin current detection, due to its relatively large spin Hall angle.
45,46
The Fe 3 O 4 films were grown on magnesium oxide, MgO(001), substrates by pulsed laser deposition using a KrF excimer laser with 248 nm wavelength, 10 Hz repetition rate, and 3 × The SSE experiments were performed using the longitudinal configuration. 48 The sample di- The measurement mechanism is as follows. In the longitudinal configuration, a spin current is injected into the Pt layer with the spatial direction J S perpendicular to the Fe 3 O 4 /Pt interface (parallel to ∇T ) and the spin-polarization vector σ (parallel to the magnetization of Fe 3 O 4 ). Then, an electric field (E ISHE ) is generated in Pt due to the ISHE, which can be expressed as: of the sample, as expected from impedance-matching criterion for maximum power transfer and also in agreement with previous reports. 51 We can see that, despite the increased voltage response in the spin Hall thermopile structure, there is no advantage in terms of extractable electrical power output from the device when compared to the response of the single Fe 3 O 4 /Pt bilayer. This is a consequence of the fact that the voltage enhancement is due to the increase in effective length of the sample, which is associated to an increase in the internal resistance.
51
In the case of ANE-based thermopile structures 52 it was proposed that, if the ANE voltage is independent of sample thickness, the performance can be improved by reducing the internal resistance of the devices, by just increasing the ferromagnet thickness. However, this approach cannot be used in the case of spin Hall thermopiles, since increasing the thickness of the N layers will result in a reduction of the ISHE voltage 53 . Therefore, in order to in- 
